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Gauge coupling unification is studied within the framework where there are extra Higgs doublets
and E6 exotic fields. Supersymmetric models and nonsupersymmetric models are investigated, and
a catalog of models with gauge coupling unification is presented.
I. INTRODUCTION
The Standard Model of particle physics contains a
single Higgs doublet field, and the recent discovery of
a scalar boson at the CERN Large Hadron Collider
(LHC) [1, 2] indicates that the Higgs boson really ex-
ists. However, with the current experimental data, it
is impossible to determine how many Higgs doublet(s)
should exist, and extending the Higgs sector of the Stan-
dard Model is indeed one of the attractive candidates for
physics beyond the Standard Model.
A two-Higgs-doublet model (2HDM) (for a review, see
ref. [3]) has been most extensively studied in the past,
and a multi-Higgs-doublet model (MHDM) [4] in which
there are more than two Higgs doublets has also been
investigated. Particularly, the special case that there are
three-Higgs generations [5, 6] is interesting, it is moti-
vated by a matter-Higgs unification in E6, where matter
superfields and the doublet Higgs superfields are unified
in a single gauge multiplet of E6.
Extra Higgs doublets contribute to the renormaliza-
tion running of gauge coupling constants of the Stan-
dard Model, and therefore gauge coupling unification of
the minimal supersymmetric Standard Model (MSSM)
is modified. With three Higgs generations, gauge cou-
pling unification has been investigated within the frame-
work of the exceptional supersymmetric Standard Model
(E6SSM) [7], and of Pati-Salam unification models [8].
Very recently, gauge coupling unification has been stud-
ied in supersymmetric E6 models [9].
In this paper we study gauge coupling unification
within the framework where there are extra Higgs dou-
blets and/or E6 exotic fields. We investigate both su-
persymmetric and nonsupersymmetric models, and give
a catalog of models in which gauge coupling constants of
the Standard Model are unified.
Particularly, we show that in supersymmetric three-
Higgs-generation model gauge coupling constants are
unified, if two generations of E6 exotic fields are light
and one generation is decoupled. This special case is in-
teresting, because the lifetime of proton is estimated as
the experimentally observable level in the near future.
The value of gauge coupling constant at the grand unifi-
cation scale is α−1 ≃ 14, and it enhances the decay rate
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of nucleus. For a typical value of mass of the grand uni-
fied gauge boson, the lifetime is estimated as τ/B(p →
e+pi0) ≃ 4 × 1034 years that is just above the current
Super-Kamiokande limit τ/B(p → e+pi0) > 1.29 × 1034
years [10].
We also demonstrate that even in nonsupersymmetric
theories gauge coupling constants of the Standard Model
are unified if there are eight Higgs doublets rather than a
single Higgs doublet. In this model the grand unification
scale is approximately given by 5× 1013 GeV.
II. MATTER-PARITY IN E6
Grand unified theories with E6 gauge group have many
theoretical advantages—anomaly free, the largest excep-
tional Lie group that has chiral representation, a possi-
ble unification of quarks, charged leptons, neutrinos and
Higgs doublets—and therefore much attention has been
paid in the literature [9, 11–32].
We begin with the mention of matter-parity PM ≡
(−1)3(B−L) in E6, where B is baryon number and L is
lepton number. All the matter fields—quarks, charged
leptons, neutrinos, and their supersymmetric particles—
have matter-parity of −1, and the Higgs fields and their
supersymmetric particles have matter-parity of +1. In
contrast to SU(5) or SO(10), matter-parity is not orthog-
onal to E6 as shown below, and it leads a matter-Higgs
unification. In SU(5) or SO(10) models, matter-parity
is orthogonal to SU(5) or SO(10), and therefore it is im-
possible to unify matter and the Higgs superfields in a
single gauge multiplet.
The fundamental representation 27 of E6 is decom-
posed as follows,
27 = 161 ⊕ 10−2 ⊕ 14,
=
︷ ︸︸ ︷
10−1 ⊕ 5
∗
3 ⊕ 1−5 ⊕
︷ ︸︸ ︷
52 ⊕ 5
∗
−2 ⊕ 10,
(1)
where the decomposition is shown for E6 ⊃ SO(10) ⊗
U(1)V ′ in the first line and subscript is U(1)V ′ charge,
and for SO(10) ⊃ SU(5)⊗U(1)V in the second line and
subscript is U(1)V charge. An another notation has also
been used in the literature—U(1)ψ for U(1)V ′ , U(1)χ for
U(1)V—this is just a notation issue, and in this paper
we use the notation of eq. (1). Furthermore, 10, 5∗, 1
2representations of SU(5) are decomposed as follows,
10 = (3,2) 1
6
⊕ (3∗,1)
−
2
3
⊕ (1,1)1,
5
∗ = (3∗,1) 1
3
⊕ (1,2)
−
1
2
,
1 = (1,1)0,
(2)
where decomposition is shown for SU(5) ⊃ SU(3)C ⊗
SU(2)L ⊗ U(1)Z , the subscript is U(1)Z charge, and
two numbers in parentheses indicate SU(3)C and SU(2)L
representations, respectively.
If E6 contains U(1)B−L as a subgroup, it means that
U(1)Z ⊗ U(1)V ⊗ U(1)V ′ ⊃ U(1)B−L. (3)
It is known that there are three assignments that are
consistent with the Standard Model [21],
1)B − L = −
1
5
(V − 4Z), SO(10) ⊃ U(1)B−L
(4)
2)B − L = +
1
20
(16Z + V + 5V ′), SO(10) 6⊃ U(1)B−L
(5)
3)B − L = −
1
20
(8Z + 3V − 5V ′), SO(10) 6⊃ U(1)B−L
(6)
where Z, V and V ′ are the charges of U(1)Z , U(1)V and
U(1)V ′ , respectively. These three assignments are related
by SU(2) [21], which is a subgroup of SU(3)R whereE6 ⊃
SU(3)C⊗SU(3)L⊗SU(3)R. Although matter-parity PM
depends on the choice of these three assignments, in any
cases matter-parity is not orthogonal to E6 as follows.
The first assignment given by eq. (4) is standard in the
meaning that it has been most widely investigated in the
literature. In this case, matter-parity can be written as
27 = 16− ⊕ 10+ ⊕ 1+ E6 ⊃ SO(10), (7)
where subscript indicates matter-parity. Thus, a spinor
representation 16 of SO(10) has matter-parity of −1, 10
and 1 have matter-parity of +1. Therefore, matter super-
fields with matter-parity of −1, and the Higgs superfields
with matter-parity of +1, can be unified in a single gauge
multiplet of E6.
Similar relations are realized for the second and the
third assignments. In the case of the second assignment
defined by eq. (5), however, matter-parity is not orthog-
onal to SO(10). In this case, matter-parity is orthogonal
to SU(5), and then matter-parity can be written as fol-
lows,
27 = 16 ⊕ 10 ⊕ 1
=
︷ ︸︸ ︷
10− ⊕ 5
∗
+ ⊕ 1+ ⊕
︷ ︸︸ ︷
5+ ⊕ 5
∗
−
⊕
︷︸︸︷
1−
(8)
where subscript indicates matter-parity. Therefore, with
the second assignment, matter superfields belong to
10− ∈ 16, 5
∗
−
∈ 10, 1− ∈ 1, and the Higgs superfields
belong to 5∗+ ∈ 16 and 5+ ∈ 10.
The third assignment defined by eq. (6) gives a dif-
ferent situation, since in this case matter-parity is not
orthogonal to SU(5). Therefore, eq. (7) or eq. (8) be-
comes more complicated. In this case matter-parity can
be written as follows,
16 =(3,2)− ⊕ (3
∗,1)+ ⊕ (1,1)+
⊕ (3∗,1)− ⊕ (1,2)+ ⊕ (1,1)− (9)
10 =(3,1)+ ⊕ (1,2)− ⊕ (3
∗,1)− ⊕ (1,2)+ (10)
1 =(1,1)−, (11)
where subscript is matter-parity, and two numbers in
parentheses indicate SU(3)C and SU(2)L, respectively.
Equations (9)-(11) show that with the third assignment,
matter superfields with matter-parity of −1, and the
Higgs superfields with matter-parity of +1, are unified
in the same representation of SU(5).
As explicitly shown above, even in any assignments,
matter-parity is not orthogonal to E6. Therefore, matter
superfields and the Higgs superfields can be unified in a
single gauge multiplet 27 of E6.
Next we consider hypercharge. Since E6 contains
U(1)Y , the following is satisfied,
U(1)Z ⊗ U(1)V ⊗ U(1)V ′ ⊃ U(1)Y . (12)
There are three assignments that are consistent with the
Standard Model [21, 30],
1)
Y
2
= Z, SU(5) ⊃ U(1)Y (13)
2)
Y
2
= −
1
5
(Z + V ), SU(5) 6⊃ U(1)Y (14)
3)
Y
2
= −
1
20
(4Z − V − 5V ′), SO(10) 6⊃ U(1)Y .
(15)
The first assignment given by eq. (13) is the hypercharge
of the original Georgi-Glashow SU(5) model [33], the sec-
ond one given by eq. (14) is that of the flipped SU(5)
model [34], and the third one given by eq. (15) is that
of the E-twisting SU(5) model [21] or of the flipped
SO(10) model [35]. These three assignments are related
by SU(2), that is a subgroup of SU(3)R [21].
The first assignment defined by eq. (13) has been most
extensively studied in the literature. In that case, three
gauge coupling constants of the Standard Model gauge
groups should be exactly unified at the grand unification
scale, since SU(3)C , SU(2)L and U(1)Y are contained in
a single unified gauge group SU(5). In contrast to the
first assignment, however, with the second assignment de-
fined by eq. (14) or the third assignment of eq. (15), gauge
coupling constants of SU(3)C , SU(2)L and U(1)Y should
be approximately unified at the grand unification scale,
since U(1)Y is not a subgroup of SU(5). We regard this
issue as important, and therefore we are not interested
in the rigorous unification for the present purpose—in
this paper we consider one-loop renormalization group
3equations of the gauge coupling constants, and do not
consider two-loop and threshold corrections.
Here we give the mention of E6 exotic fields. To show
an explicit particle embedding, as a typical example, we
consider the most familiar assignment defined by eq. (4)
and eq. (13). In this case, 16, 10 and 1 of SO(10) in 27
of E6 are decomposed as follows,
16 =(3,2)−1
6
, 1
3
⊕ (3∗,1)−
−
2
3
,− 1
3
⊕ (1,1)−1,1
⊕ (3∗,1)−1
3
,− 1
3
⊕ (1,2)−
−
1
2
,−1
⊕ (1,1)−0,1 (16)
10 =(3,1)+
−
1
3
,− 2
3
⊕ (1,2)+1
2
,0
⊕ (3∗,1)+1
3
, 2
3
⊕ (1,2)+
−
1
2
,0
(17)
1 =(1,1)+0,0 (18)
where left-subscript is Y/2, right-subscript is B − L, su-
perscript indicates matter-parity, and two numbers in
parentheses are representations of SU(3)C and SU(2)L,
respectively. All the matter superfields—quarks, charged
leptons, left-handed and right-handed neutrinos—are
contained in 16 with matter-parity of −1. The up-
type Higgs doublet Hu is (1,2)
+
1
2
,0
∈ 10 with matter-
parity of +1, and the down-type Higgs doublet Hd is
(1,2)+
−
1
2
,0
∈ 10 with matter-parity of +1. Two colored
states (3,1)+
−
1
3
,− 2
3
∈ 10, and (3∗,1)+1
3
, 2
3
∈ 10 are usu-
ally written by D and D, respectively. These states have
B−L = ∓2/3 as of di-quarks or leptoquarks and matter-
parity of +1. These D and D are referred as E6 exotic
fields. They contribute to the running of SU(3)C and
U(1)Y gauge coupling constants, if they are relevant at
low energy.
III. GAUGE COUPLING UNIFICATION
One-loop renormalization group equation for the gauge
coupling constants is given by
dαi
dt
=
bi
2pi
α2i (i = 1, 2, 3) (19)
where αi ≡ g
2
i /4pi, t = lnµ with µ the renormalization
scale, and the U(1) gauge coupling constant g1 is nor-
malized by g1 =
√
5/3gY . The coefficients b3, b2 and b1
are given by
b3 = −
1
3
(11− 2ns)N +
2
3
(2 + ns)Ng +
1
3
(1 + 2ns)ND
(20)
b2 = −
1
3
(11− 2ns)N +
2
3
(2 + ns)Ng +
1
6
(1 + 2ns)NH
(21)
b1 =
2
3
(2 + ns)Ng +
1
10
(1 + 2ns)NH +
2
15
(1 + 2ns)ND,
(22)
where N = 3 for b3, N = 2 for b2, Ng is the number of
generations of quarks and leptons, NH is the number of
Higgs doublets, ND is the number of pairs of E6 exotic
fields D⊕D. A parameter ns is assigned as ns = +1 for
supersymmetric theories, and ns = 0 for nonsupersym-
metric theories. In the following we first consider super-
symmetric models in section IIIA. Nonsupersymmetric
models will be studied in section III B.
A. Supersymmetric cases
In the minimal supersymmetric Standard Model
(MSSM), there are two Higgs doublets Hu and Hd, and
no E6 exotic pairs D ⊕ D. Therefore, by substituting
parameters ns = +1, Ng = 3, NH = 2 and ND = 0
into equations (20)-(22), bi are obtained as (b3, b2, b1) =
(−3, 1, 335 ). If there are extra Higgs doublets and/or E6
exotic fields D ⊕ D, they contribute to bi, and then bi
change as bi → bi +∆bi,
∆b3 =
1
3
(1 + 2ns)ND = ND, (23)
∆b2 =
1
6
(1 + 2ns)(NH − 2) =
1
2
NH − 1, (24)
∆b1 =
1
10
(1 + 2ns)(NH − 2) +
2
15
(1 + 2ns)ND
=
3
10
NH +
2
5
ND −
3
5
, (25)
where ns = +1 is used. If ∆b3, ∆b2 and ∆b1 are equiv-
alent, gauge coupling unification of MSSM is preserved.
Therefore, two equations, ∆b3 = ∆b2 and ∆b3 = ∆b1,
are obtained. However, ND and NH are not uniquely de-
termined from these two equations, since one of them is
redundant—eqs. (23)∼ (25) indicate that if ∆b3 equals
to ∆b2, ∆b1 automatically equals to ∆b3 or ∆b2. The
independent condition is
∆bi = ND =
1
2
NH − 1. (26)
As far as eq. (26) is satisfied, gauge coupling unification of
MSSM is preserved. Therefore, there are various models
in which gauge coupling unification is realized. Table I
is a summary of models.
It is known that in supersymmetric E6 models with
three generations of 27 at low energy, two extra SU(2)
doublets are required for gauge coupling unification [36].
It corresponds to model A in table I. Models of this type
have been studied as E6SSM model [7], and recently
as η model in ref. [9]. From a different view, extend-
ing the MSSM by adding n5 pairs of 5 ⊕ 5
∗ of SU(5)
multiplets has been studied [37, 38]. Model A in ta-
ble I corresponds to n5 = 3. A type of model B with
(b3, b2, b1) = (1, 5, 53/5) has been very recently studied
as ηBKM model in ref. [9].
One of the attractive models in table I is the MHU
model with ∆bi = 2, NH = 6 and ND = 2. In this model
matter superfields and the doublets Higgs superfields are
unified in a single gauge multiplet 27 of E6, and then
4TABLE I. A catalog of supersymmetric models with gauge
coupling unification in which there are extra Higgs doublets
and E6 exotic fields. MSSM, 2HGM, MHU are abbreviations
for minimal supersymmetric Standard Model, two-Higgs-
generation-model, and matter-Higgs-unification, respectively.
In this table, ∆bi is the extra contribution to bi of MSSM,
NH is the number of Higgs doublets, ND is the number of
pairs of E6 exotic fields D ⊕ D, b3, b2 and b1 are the coeffi-
cients of beta-function of the Standard Model gauge coupling
constants.
model ∆bi NH ND b3, b2, b1
MSSM 0 2 0 −3, 1, 33/5
2HGM 1 4 1 −2, 2, 38/5
MHU 2 6 2 −1, 3, 43/5
model A 3 8 3 0, 4, 48/5
model B 4 10 4 1, 5, 53/5
model C 5 12 5 2, 6, 58/5
there are three Higgs generations. In the MHU model,
the number of pairs of E6 exotic fields D ⊕D is 2, and
therefore one pair of D ⊕D in three generations should
be decoupled. In this case, b3, b2 and b1 are given by
b3 = −1, b2 = 3, b1 =
43
5
. (27)
Figure 1 shows the gauge coupling running with this co-
efficients (in the figure 1, it is referred as MHU). For
comparison, those of the Standard Model and minimal
supersymmetric Standard Model are also shown.
FIG. 1. A figure of gauge coupling unification in the MHU
model with supersymmetry (solid line). The gauge coupling
running of the Standard Model (dashed line), and that of the
minimal supersymmetric Standard Model (dotted line) are
shown.
Figure 1 indicates that in the MHU model the gauge
coupling constant at the grand unification scaleMGUT is
α−1(MGUT) ≃ 14, MGUT ≃ 2× 10
16GeV. (28)
This is smaller than that of MSSM, α−1(MGUT) ≃ 24,
and it enhances the decay rate of nucleus. The lifetime of
the channel p→ e+pi0 is proportional to α−2. Therefore,
by using the result in the minimal supersymmetric SU(5)
model [38], the lifetime of proton can be estimated as
τ/B(p→ e+pi0) ≃ 4× 1034 ×
(
MX
1016GeV
)4
years, (29)
where MX is a mass of gauge boson in grand unified
theories. Although this is roughly estimated value, it
may be interesting—for a typical value of MX = 10
16
GeV, eq. (29) gives τ/B(p → e+pi0) = 4 × 1034 years
that is just above the current SuperKamiokande limit
τ/B(p→ e+pi0) = 1.29× 1034 years [10].
B. Nonsupersymmetric cases
In this section we study nonsupersymmetric models.
Although three gauge coupling constants are not unified
in the Standard Model, we show that gauge coupling
unification is realized if there are extra Higgs doublets
and/or E6 exotic fields D ⊕D.
In the Standard Model, by substituting ns = 0, Ng =
3, NH = 1 and ND = 0 into equations (20)-(22), bi
are obtained as (b3, b2, b1) = (−7,−
19
6 ,
41
10 ). Extra Higgs
doublets and E6 exotic fields D ⊕D contribute to bi of
the Standard Model, and then the coefficient bi change
as bi → bi + δbi,
δb3 =
1
3
(1 + 2ns)ND =
1
3
ND, (30)
δb2 =
1
6
(1 + 2ns)(NH − 1) =
1
6
(NH − 1), (31)
δb1 =
1
10
(1 + 2ns)(NH − 1) +
2
15
(1 + 2ns)ND
=
1
10
(NH − 1) +
2
15
ND, (32)
where ns = 0 is used. In this paper we count the number
of D⊕D as bosons. If they are counted as fermions, ND
in eqs. (30) and (32) should be replaced by 2ND.
The nontrivial extension of the Standard Model is the
model with NH = 8, ND = 0 in which there are eight
Higgs doublets and no E6 exotic fields D ⊕ D. In this
model, eqs. (30)-(32) give (δb3, δb2, δb1) = (0,
7
6 ,
7
10 ), and
then b3, b2 and b1 are given by
b3 = −7, b2 = −2, b1 =
24
5
. (33)
Figure 2 shows the gauge coupling running in this model.
In figure 2, it is referred as eight-Higgs-doublet model
(8HDM).
Figure 2 indicates that even if nonsupersymmetric
cases gauge coupling constants are unified at the grand
unification scaleMGUT, and the gauge coupling constant
at MGUT is given by
α−1(MGUT) ≃ 38, MGUT ≃ 5× 10
13GeV. (34)
5FIG. 2. A figure of gauge coupling unification in eight-
Higgs-doublet-model (8HDM) without supersymmetry (solid
line). The gauge coupling running of the Standard Model
(dashed line), and that of the minimal supersymmetric Stan-
dard Model (dotted line) are shown.
Further extension is possible. If δb3 equals to δb2 −
7
6
and δb1 −
7
10 , the gauge coupling unification of 8HDM is
preserved, and then following equations are obtained,
1
3
ND =
1
6
NH −
4
3
=
1
10
NH +
2
15
ND −
4
5
. (35)
The independent condition is the following,
ND =
1
2
NH − 4. (36)
As far as eq. (36) is satisfied, the gauge coupling unifica-
tion of 8HDM is preserved. Table II is a summary.
TABLE II. A list of nonsupersymmetric models in which
there are extra Higgs doublets and E6 exotic fields. In all
models—except for the Standard Model—gauge coupling uni-
fication is realized. NH is the number of Higgs doublets, ND is
the number of pairs of E6 exotic fields D ⊕D, bi (i = 1, 2, 3)
are the coefficients of beta-function of the Standard Model
gauge coupling constants. 8HDM is an abbreviation for eight-
Higgs-doublet-model.
model NH ND b3, b2, b1
SM 1 0 −7, −19/6, 41/10
8HDM 8 0 −7, −2, 24/5
model D 10 1 −20/3, −5/3, 77/15
model E 12 2 −19/3, −4/3, 82/15
model F 14 3 −6, −1, 29/5
model G 16 4 −17/3, −2/3, 92/15
IV. SUMMARY
In summary, we have studied the gauge coupling unifi-
cation within the framework where there are extra Higgs
doublets and/or E6 exotic fields. We have presented a
catalog of models in which gauge coupling unification is
realized. The catalog covers both supersymmetric mod-
els (table I) and nonsupersymmetric models (table II).
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